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We present a volume-sensitive high-energy x-ray diffraction study of the underdoped cuprate
high temperature superconductor La2−xSrxCuO4 (x = 0.12, Tc=27 K) in applied magnetic field.
Bulk short-range charge stripe order with propagation vector qch = (0.231, 0, 0.5) is demonstrated
to exist below Tch = 85(10) K and shown to compete with superconductivity. We argue that
bulk charge ordering arises from fluctuating stripes that become pinned near boundaries between
orthorhombic twin domains.
A major question in the field of cuprate high-
temperature superconductivity concerns the nature of
the normal state from which superconductivity emerges
in the underdoped region of the phase diagram. Here
the opening of a pseudogap manifests itself in the elec-
tronic spectrum at temperatures significantly higher than
the superconducting transition temperature Tc [1]. One
school of thought ascribes the pseudogap phenomenon to
the emergence of an electronic broken-symmetry phase
competing with superconductivity for the low-energy
electronic states. While q = 0 magnetic order [2–4] re-
mains a candidate pseudogap order parameter, recent at-
tention has focussed on short-range charge density wave
(CDW) order. Initially discovered in YBa2CuO3O6+y
(YBCO) using x-ray diffraction, and associated with
suppressed superconductivity near the hole-doping level
p = 0.12 and evidence for Fermi-surface reconstruction in
high magnetic fields [5, 6], CDW order has subsequently
been identified in Bi [7–9] and Hg-based cuprates [10, 11].
In the quest to distinguish universal properties
from features specific to particular cuprate families,
a crucial outstanding question is the relation between
CDW order [5–12] and the charge stripe order ob-
served in the La-based cuprates La2−x−yNdySrxCuO4
(LNSCO) [13, 14], La2−xBaxCuO4 (LBCO) [15, 16] and
La2−x−yEuySrxCuO4 (LESCO) [17, 18]. In all of these
materials, where p = x, charge order characterized by
propagation vectors qch = (2δ, 0, 1/2) and (0, 2δ, 1/2)
is preceded by or coincident with a transition from a low-
temperature orthorhombic (LTO, space group Bmab, No.
64) to low-temperature tetragonal or low-temperature-
less-orthorhombic (LTT or LTLO; space groups P42/ncm
(138) and Pccn (56), respectively) structures. Quasi two-
dimensional incommensurate magnetic order, with prop-
agation vectors qm = (1/2− δ, 1/2, 0) and (1/2, 1/2−
δ, 0), follows below the charge order transition temper-
ature, Tch. Importantly, the in-plane components of qm
and qch are intimately related: q
2D
m = (1/2, 1/2) −
1/2 q2Dch [13]. By contrast, in none of the Y, Bi or Hg-
based compounds displaying CDW order has an associ-
ated incommensurate magnetic order been identified. In
fact, the doping-dependence of qch in La-based cuprates
is opposite to that of the CDW propagation vector in
YBCO, see e.g. [19]. While these observations suggest
that CDW and stripe order are distinct electronic insta-
bilities of underdoped cuprates, it has been reported [20]
that the charge stripe order in LBCO (x = 0.095 and
0.155) responds to temperature and magnetic field in a
manner very similar to YBCO [6, 19]. Moreover, albeit x-
ray diffraction on orthorhombic La2−xSrxCuO4 (LSCO)
has to date only evidenced surface stripe order [21], a
recent 129La NMR study provided indirect evidence for
bulk charge stripe order [22]. Should charge order be
confirmed in the bulk of LSCO, what are its characteris-
tics compared to CDW and stripe ordered cuprates, and
what is the role played by structure?
In this Letter, we present direct hard x-ray diffrac-
tion evidence for short-range charge stripe order and
its competition with superconductivity in La2−xSrxCuO4
(x = 0.12). The stripe order is characterized by propa-
gation vector qch = (0.231, 0, 1/2) and sets in below
Tch = 85(10) K. We argue that stripe order exists es-
sentially in the bulk of the sample volume but that it is
pinned by orthorhombic twin domain boundaries. Our
results demonstrate that charge stripe order does not re-
quire an average LTT structure and that, once estab-
lished, it displays exactly the same magnetic field- and
temperature dependence as the CDW order in YBCO at
2275
300
325
350
375
In
te
ns
ity
 [a
.u.
]
(a) T=3.8K (b) T=25K
−0.3 −0.25 −0.2
275
300
325
350
375
H [r.l.u.]
(c) T=50K
−0.3 −0.25 −0.2
H [r.l.u.]
(d) T=70K
 
 
10T
0T
7 8 9 10 11 12 13 14
−20
0
20
40
60
80
L [r.l.u.]
In
te
ns
ity
 [a
.u.
] (e)
FIG. 1. Momentum scans through the charge stripe order
satellite peak Qch = (−2δ, 0, 8.5) in LSCO (x = 0.12). (a-
d) H-scans for temperatures and magnetic fields as indicated.
(e) Out-of-plane momentum dependence at 3.8 K and 10 T
applied along the c-axis. The data in (e) were obtained by
scanning along (0.231, 0, L) and subtracting a background es-
timate evaluated from the average of scans along (0.271, 0, L)
and (0.191, 0, L). Regions dominated by powderlines have
been removed. All solid lines are fits to Gaussian lineshapes.
a comparable doping level and LBCO at concentrations
away from x = 1/8 [6, 20].
Our bulk-sensitive hard x-ray (100 keV) diffraction
experiments were carried out at the BW5 beamline at
DESY, Hamburg, operated in triple-axis mode with Ge-
gradient Si(111) monochromator and analyzer crystals
and a 2×2 mm aperture to collimate the incident beam.
The sample was a 0.8 mm thick platelet with surface
normal approximately 45 degrees away from the crystal-
lographic a and c axes. It was mounted inside a 10 T hor-
izontal field cryomagnet. In transmission geometry, this
setup allows access to momentum transfers (H0L) (We
employ tetragonal notation with a ≃ b = 3.781A˚ and
c = 13.169 A˚), with the field applied either perpendicu-
lar or parallel to the CuO2 planes.
The sample was cut from an image furnace grown sin-
gle crystal rod. Pieces of the same original rod have
been used in previous studies of magnetic and elec-
tronic properties of LSCO (x = 0.12) [23–27]. Its high-
temperature tetragonal (HTT) to LTO transition tem-
perature is TLTO=255 K, and superconductivity sets in
below Tc=27 K [23]. High-resolution elastic neutron scat-
tering identifies incommensurate magnetic Bragg peaks
with propagation vector qm = (0.383, 1/2, 0) [24, 28]
below TN ≃ Tc while muon spin rotation, which probes
longer time-scale fluctuations, finds evidence for mag-
netic order only below Tµ ≃ 11 K [23, 25].
Fig. 1 illustrates all salient features of our raw
data. At the experimental base temperature, 3.8 K
(Fig. 1(a)), we observe two features on top of a
sloping background: A pronounced peak at Qch =
(−0.2306(3), 0, 8.5) corresponding to the propagation
vector qch ≃ (0.231, 0, 0.5) [30], and a weak spurious
peak near Qsp = (−0.2528(4), 0, 8.5). The peak at Qsp
is not related to charge order since it is not observed at
symmetry equivalent wavevectors, and is essentially in-
dependent of both temperature and magnetic field. In
contrast, application of a magnetic field of 10 T at 3.8 K
along the crystallographic c-axis causes a significant en-
hancement of the Qch peak intensity compared to zero
field (Fig. 1(a)). Just below Tc, at 25 K (Fig. 1(b)), a
peak remains in zero field. This peak is, in fact, more
intense than at base temperature, and it is only weakly
enhanced by the magnetic field. At both 50 K and 70 K
(Figs. 1(c) and (d), respectively) the 0 T and 10 T data
are identical within errors. In the former case, a broad-
ened profile centered at Qch can be discerned while at
70 K, any remnant signal centered at Qch is very weak.
Fig. 1(e) illustrates the dependence of the charge order
signal on the out-of-plane momentum direction. Promi-
nent broad peaks are observed near half-integer L.
We emphasize that the components of the charge and
spin propagation vectors qch = (−0.231, 0, 1/2) and
qm = (0.383, 1/2, 0) [24, 28] parallel to the CuO2 planes
obey the relation q2Dm = (1/2, 1/2) ± 1/2 q
2D
ch common
to charge-stripe ordered materials [13, 15, 17]. Thus, we
conclude that the observed qch peak in LSCO (x =0.12)
reflects the lattice response to charge stripe ordering in
orthorhombic LSCO (See Ref. [31] for further support of
stripe order in our crystal).
Fig. 2(a) illustrates the temperature and field-
dependence of the charge stripe order signal in more
detail. To efficiently probe these dependencies we sub-
tracted a background estimate determined as the average
of the intensities at (−0.191, 0, 8.5) and (−0.271, 0, 8.5)
from the peak intensity collected at (−0.231, 0, 8.5)
(closed circles). This procedure is justified by the fact
that the background in Figs. 1(a)-(d) is linear to a
good approximation. Analysis of full scans (open dia-
monds in Fig. 2(a)) yield essentially identical results. For
µ0H = 0T, the charge stripe peak emerges gradually be-
low an onset temperature which by extrapolation we es-
timate to be Tch 85(10) K (grey line in Fig. 2(a)). Upon
cooling the peak becomes more intense until T ≃ Tc.
Strikingly, for T < Tc, a distinct reduction of the inten-
sity is seen, clearly reflecting the competition between
charge order and bulk superconductivity. This inten-
sity suppression strongly resembles the CDW response
in YBCO [5, 6, 19] and the charge stripe response in
LBCO away from p = 1/8 [20].
Application of a magnetic field along the c-axis sup-
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FIG. 2. (a) Temperature and magnetic field dependence of
the raw peak intensity at (−0.231, 0, 8.5) (see text for de-
tails) (b) Field-induced charge order intensity, determined by
subtracting the zero-field data from finite field data. (c) Tem-
perature dependence of the charge order peak full-width-half-
maximum for µ0H = 0 T. (d) Comparison of the field-induced
charge order intensity at µ0H = 7 T to the field-induced mag-
netic intensity measured at qm and µ0H = 7.5 T (Produced
using raw data from Ref. [23]). Both quantities have been
normalized to their value at base temperature.
presses superconductivity and, for temperatures smaller
than Tc only, enhances the charge stripe order intensity.
This last point is brought out most clearly in Fig. 2(b)
where we plot the difference between peak intensities
measured in finite field and zero field. The enhancement
of the charge stripe peak intensity is clear already at
2 T and continues to the highest field probed. The field-
dependence at base temperature, extracted from fits to
full momentum scans, similar to those shown in Fig. 1(a),
is plotted in Fig. 3(a). In contrast, the charge stripe sig-
nal is unaffected by a magnetic field applied along a. This
anisotropy parallels pioneering neutron scattering stud-
ies of field-induced magnetic order in underdoped LSCO
[33, 34] and reflects the inefficiency of in-plane fields
in suppressing bulk superconductivity (Hc2,ab ≫ Hc2,c).
Fig. 2(d) highlights how the charge and spin components
of the stripe order rise in tandem when superconductiv-
ity is suppressed, demonstrating that the two are closely
linked.
The characteristic temperature and field-dependencies
of the satellite peak intensity (Figs. 2(a) and 3(a)) appear
to be universal signatures of microscopically coexisting
but competing superconducting and charge order param-
eters [5, 6, 20], irrespective of the stripe or density wave
nature of the latter. A further hallmark of charge ordered
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FIG. 3. (a) Magnetic field dependence of the peak intensity
and (b) normalized peak full-width-half-maximum for fields
along the c-axis (circles; Qch = (−0.231, 0, 8.5)) and a-axis
(squares; Qch = (−0.231, 0, 12.5)). All lines are guides to
the eye. The solid red line in (a) is based on the functional
form I(H) = I0 + I1(H/Hc2) log(Hc2/H) [32].
cuprates is broader peaks along the c-axis than along in-
plane directions. We can quantify this anisotropy for
LSCO (x =0.12) by fitting Gaussian lineshapes to data
such as those shown in Fig. 1 (solid lines) and extracting
correlation lengths, ξa and ξc as the inverse half-width-
at-half-maximum [35]. While this always yielded ξc ∼ 6.3
A˚ , implying that the charge stripe order is uncorrelated
beyond nearest neighbor CuO2 layers, the in-plane cor-
relation length, ξa, was found to vary between different
experiments. The data in Figs. 1(a)-(d) yield a charge
stripe correlation length ξa = 53 A˚ at 3.8 K and zero
field, while a subsequent experiment performed under
identical conditions gave ξa = 38 A˚. This suggests that
the charge stripe order is not completely homogeneous
in our sample. As will be discussed below, this seems to
have a physical reason, and is not related to the crys-
tal’s (high) quality. The key observation, however, is
that the evolution of the in-plane correlation length with
temperature and magnetic field did not vary between ex-
periments even if the absolute values did. Figs. 2(b)
and 3(a) show, respectively, the temperature dependence
of the peak width and the field-dependence of the same
quantity, normalized to its zero-field, base temperature
value. Upon cooling, the peak gradually sharpens up,
reaching a mimimum below Tc and displaying a small
upturn at the lowest temperatures. Similar behaviour
has been reported for YBCO [5, 6]. As a function of
magnetic field along the c-axis, a ∼ 10% sharpening,
reflecting a slight increase of the charge order correlation
length, was observed, while an in-plane field leaves the
peak width unchanged.
Finally, we turn to the relation between charge order
and the crystal structure of LSCO. Fig. 4(a) shows the
temperature dependence of a weak signal observed at
(300). Peaks of the type (H 0 0) with H = odd are struc-
turally forbidden in the LTO phase but permitted when
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FIG. 4. (a) Temperature dependence of the (300) Bragg re-
flection. Dashed lines indicate Tc, Tch and TLTO. The full line
is a guide to the eye. (b) and (c): Comparisons of (100) and
(2δ, 0, 8.5) peaks in LSCO p = 0.12 (red and blue circles) and
LBCO p = 1/8 (squares) [16], respectively. Lines in (b) and
(c) are fits performed to evalutate the integrated intensities.
Note the different intensity scales in (b).
the symmetry is lowered to LTT or LTLO [13, 15, 17, 36].
Three experimental facts, however, allow us to argue that
the peak in Fig. 4(a) is not the signature of an average
LTT or LTLO structure in our sample: (i) The LTO →
LTT/LTLO transition is first order (see e.g Ref. [16]),
whereas the (300) peak emerges gradually with cooling.
(ii) The peak appears just below the known HTT→ LTO
transition temperature TLTO = 255 K [23] of our sample.
(iii) The integrated intensity of the (100) peak is weaker
by a factor of 42 compared to the intrinsic LTT phase of
LBCO at p = 1/8 (Fig. 4(b)), measured under identical
conditions [16] and normalized by flux and sample vol-
ume, while the 0 T and 10 T charge order peaks LSCO
are weaker only by factors of 4.2 and 2.6, respectively,
than the fully saturated stripe order in LBCO, p=1/8
[20] (Fig. 4(c)). This shows that the charge stripe peak
in LSCO is substantially smaller than the same peak in
LBCO, but not as small as expected in the case of a linear
scaling with the (100) peak intensity.
These considerations led us to conclude that the (100)
and (300) peaks must be related to x-rays diffracted by
orthorhombic twin domain boundaries. From transmis-
sion electron microscopy studies of samples with compo-
sitions similar to ours [37, 38] it is well known that these
boundaries between LTO twin domains exhibit LTT-type
reflections (See Ref. [39] for a atomic level explanation).
Consideration of the known stripe-stabilizing potential
of LTT or LTLO structures [13, 15, 17] then suggests
that structural defects in the form of domain boundaries
with local LTT or LTLO structures cause the emergence
of charge order by pinning low-energy fluctuating stripes
[40]. On the other hand, to explain the relatively large
intensity ratio of qch to (300) peaks, charge stripe or-
der must extend significantly beyond the pinning centers
and into parts of the sample displaying the average LTO
structure.
This scenario implies that stripe order in orthorhombic
LSCO most likely depends not only on doping, reflect-
ing a bare charge order susceptibility, and potential com-
mensurability effects, but also on sample-specific details
such as the orthorhombic twin domain structure. Charge
stripe inhomogeneity and glassiness [22, 41] are obvious
possible consequences. The above considerations may ex-
plain why, in a crystal with x = 0.10 that shows no evi-
dence for LTT-type reflections, we also found no charge
order. Furthermore, potential differences of the domain
structure of the surface and bulk of a single crystal may
explain why the x-ray study in Ref. [21] found charge
stripe ordering near the surface, but not in the bulk, of
a sample of nominally the same composition as ours. In-
deed surface regions with local LTT/LTLO structure may
be implicated in observations of shadow-bands in angle
resolved photoemission studies of LSCO [26, 27, 42, 43].
We also note that in samples with average LTT struc-
ture, such as LBCO, the direction of stripes alternate
between the a and b axes, causing charge peaks to cen-
ter at half-integer L [13, 14]. There is no a priori reason
for this to occur in the LTO structure. The fact that the
peaks in Fig. 1(e) do occur at approximately half-integer
L therefore strengthens the case for stripe pinning near
twin domain boundaries with local LTT/LTLO structure.
Our direct detection of charge order in the bulk of
LSCO brings understanding to a host of experiments of
the past two decades (See e.g. Refs. [44–49]), which
suggested that the weak dip in the superconducting Tc-
dome of LSCO [50] may be related to the much more pro-
nounced 1/8-anomaly in LBCO [51] and to charge stripe
order, but fell short of providing direct evidence. Simi-
larly, in the light of our results, giant phonon anomalies
observed in superconducting LSCO near qch and indi-
rectly associated with collective charge excitations (See
e.g. Ref. [52]), can now be directly related to incipient
charge stripe order.
In conclusion, this Letter has demonstrated the exis-
tence of charge stripe order competing with superconduc-
tivity in the bulk of La2−xSrxCuO4 (x = 0.12). Our crys-
tal structure analysis and intensity comparison implies
that the charge stripe order is pinned by tetragonal twin
domain boundaries of the orthorhombic parent phase but
extends far beyond these and into the orthorhombic bulk.
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